γ-valerolactone (GVL) is an important intermediate chemical with a wide range of applications as fuel, fuel additive and as a green solvent which has received a great deal of attentions from both academia and industry. This review aims to summarise the advances in conversion of renewable feedstock into GVL through heterogeneous catalytic transfer hydrogenation (CTH) with a strong emphasis on discussing preparation, characterisation and performance of the catalysts in order to provide a better understanding of various catalytic systems and also to compare them in terms of catalytic performance.
Introduction
Transition from fossil fuel based resources to renewable alternatives in order to meet the demands of rapidly rising global population is a significant challenge facing sustainable industrial development (1) . The impact of CO 2 emission on climate change, and concerns over energy security and unpredictable oil pricing, have highlighted the need to reduce this societal dependency on fossil reserves (2) . Biomass is the most abundant and readily available renewable source of carbon in the nature, providing a low cost solution for carbon-neutral transportation fuels (3) and the only pathway for production of bulk, fine and specialty chemicals (4) and polymers (5) from non-petroleum organic molecules. All of these products and power can be manufactured in an integrated process under the concept of biorefinery, similar to the today's petroleum refineries, thereby increasing the economic viability of bioderived processes (6) . In this respect, lignocellulosic biomass offers great potential for sustainable production of fuels and chemicals (7) .
One of the platform chemicals that can be derived from lignocellulosic materials is levulinic acid (LA). LA was accounted for on of the most promising building blocks according to a report released by the US Department of Energy in 2004 (8) which Bozell and Petersen confirmed in 2010 (9) . LA can be produced from acid hydrolysis of cellulose, starch or C 6 sugars with formic acid (FA) as side product (10, 11 ) and 5-HMF as an intermediate compound (12) (13) (14) (15) . Also, it can be produced from hemicellulose in a 3 step process through furfural and furfuryl alcohol as intermediates ( Figure 1 ) (16, 17) . Additionally, furfuryl alcohol and LA can be esterified to produce levulinic acid ester (18) (19) (20) . The ester and LA can then be hydrogenated to γ-valerolactone (GVL) (21) (22) (23) . The fact that LA and GVL can be produced from both cellulose and hemicellulose is very important in terms of the economics of converting biomass and finding wider applications for these chemicals in a more efficient process (24) . The interest in GVL, as a renewable and versatile platform chemical has grown recently due to its application as a precursor for production of liquid alkanes and high value bio-polymers, chemicals and fuels, as a green solvent for biomass processing, as well as an approved fuel additive (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) , resulting in a significant increase in the number of publications on GVL chemistry ( Figure 2 ). 2 Different routes for GVL synthesis 2. 1 LA hydrogenation using molecular H 2 and formic acid
Currently the process of GVL production from biomass-derived feedstock is based on a cascade process, starting with fractionation of lignocellulosic biomass and sugar productions and then acid catalysed transformation of sugars to LA, followed by noble-metal catalysed hydrogenation of LA to GVL using molecular H 2 (24, 34) . However, this approach comes with some significant drawbacks such as the application of precious metal catalysts (e.g. Ru or Pt) for the LA hydrogenation step and also high pressure of H 2 (>30 bar) which can have a huge negative impact on the process economy (36) (37) (38) . An alternative strategy could be using formic acid (FA) as hydrogen source instead of molecular H 2 in which H 2 in formed in-situ from dehydrogenation of FA. Although, this strategy do not require high H 2 pressure, it still depends heavily on noble metals and/or harsh reaction conditions (39, 40) . Inexpensive supported transition metals such as Cu/A 2 O 3 also have been tried in this reaction, however they suffer from deactivation by leaching and sintering over the course of reaction (41) . And last but not least, the corrosive nature of formic acid is problematic in terms of maintenance.
Therefore, for the large-scale production of GVL a process is required that do not depend on precious metals, high H 2 pressure, corrosive chemicals or an excessive number of unit operations.
Heterogeneous catalysis for GVL synthesis by CTH
Another approach for GVL production from LA or its esters is by catalytic transfer hydrogenation (CTH) through Meerwein-Ponndorf-Verley (MPV) reaction which doesn't necessarily requires precious metal catalysts or molecular H 2 . This reaction is also known to be highly chemo- Performance of various metal hydroxides in CTH of EL with ethanol have been studied by Tang et al. (22) . Among the various metal hydroxides (including Cr(OH) 3 , Sn(OH) 4 , Ni(OH) 2 , Fe(OH) 3 , Mg(OH) 2 , Al(OH) 3, La(OH) 3 , Zr(OH) 4 , Ca(OH) 2 , Ba(OH) 2 and NaOH, Zr(OH) 4 exhibited the highest activity (94% EL conversion) and excellent selectivity toward GVL (95%) after 1 h reaction at 200 °C.
NaOH also showed great activity, however no GVL was yielded and instead considerable amount of coke was formed during the reaction. This phenomenon was explained by enhanced condensation of EL at the expense of GVL yield over strong basic sites. Therefore it was suggested moderate basicity is essential to ensure high GVL yield.
In another study, a series of The application of in-situ generated transition metal hydroxides/HCl for conversion of LA to GVL using 2-butanol as hydrogen donor has also been reported (46) . Various precursor salts including chloride salts of Ba, Mg, Cu, Mn, Cr, Al, Sn and Zr as well as zirconium nitrate and zirconium sulfate were tested and the best catalytic performance was observed from ZrOCl 2 .8H 2 O with 99.9% LA conversion and 85% GVL yield after 1 h reaction at 240 °C using a 5 wt% LA in 2-butanol solution and 5 mol% salt precursor relative to LA. It was also tried to optimise the process for reaction temperature and H donor and was found that the difference in GVL yield using 2-propanol and 2-butanol is only 2% at 240 °C. Although high conversion and yield are obtained using this technique, the co-formation of homogeneous HCl catalyst and relatively high reaction temperature are undesirable.
Another zirconium based catalyst that was tested for LA and its ester conversion to GVL is zirconium phosphonate (Zr-PhyA). Song et al. synthesised an organic-inorganic hybrid catalyst by using natural phytic acid as building block and ZrCl 4 as Zr source to obtain a mesoporous material with pore sizes centred around 8.5 nm. (Figure 6 ) (47) . As shown in Table 1 , the Zr-PhyA catalyst is extremely active and selective in LA and EL transformation into GVL at relatively low temperature of 130 °C which the authors attribute this great catalytic performance to good acidic and basic properties of the material. Recently, the application of ZrO 2 /SBA-15 catalyst was reported for continuous flow vapour phase transformation of LA to GVL using 2-propanol (50) . In this study, SBA-15 was functionalised with 10 to 30 wt% ZrO 2 and then used in a fixed bed flow reactor at 250 °C and 1 atm N 2 pressure. In these conditions, LA was fully converted regardless of catalyst ZrO 2 loading. Even 100% LA conversion was obtained using pure SBA-15. However, the selectivity towards GVL was enhanced with increased ZrO 2 loading, exhibiting a maximum of ~90% over 25% ZrO 2 /SBA-15 sample.
Furthermore, the stability of the best catalyst was examined by extending the reaction time and about 10% decrease in GVL selectivity was observed over 20 h reaction, although the catalyst regained its good performance after regeneration by calcining in air to remove carbonaceous deposits. NH 3 TPD on the spent ZrO 2 /SBA-15 catalyst revealed that the decrease in the acidity is due to the depletion of weak and moderate acidic sites, probably because of poisoning by carbonaceous deposits (Figure 8 ). Another example of magnetic Zr-based catalyst for GVL production is H 2 reduced Ni/Zr mixed metal oxide. Li and co-workers tested several metal oxides (including Cu, Zn, Al, Fe and Ni) mixed with ZrO 2 in EL conversion to GVL via CTH reduction (50) . Among the tested material reduced Ni/Zr not only offered easy magnetic separation but also the highest GVL productivity with a small margin compared to other candidates ( Figure 10 ). This small difference makes it difficult to believe whether there is a genuine difference between these materials, especially without exploring the porous structure and other physicochemical properties of these materials. Moreover, by deliberate poisoning of Lewis acid and Lewis basic sites with tetraethoxysilane and benzoic acid respectively, it was shown that Lewis acid and base sites have a synergic effect on GVL formation. A summary of Zr-based heterogeneous catalysts for GVL production through CTH is given in Table 1 . 
Zeolites
It has been reported that pure-silica zeolites containing a small amount of tetravalent heteroatoms with open coordination sites (e.g., Zr or Sn) as solid Lewis acids can promote CTH reactions (52) . A research led by Román-Leshkov explored the performance of some Lewis acidic zeolites such as Zr-Beta, Sn-Beta, Al-Beta and Ti-Beta in GVL production from ML using 2-butanol as H donor at 120 °C (52). The best result was obtained over Zr-Beta with 97% ML conversion and >99% GVL selectivity after 5 h reaction, outperforming all other above-mentioned catalysts by far. It's also worth mentioning that they found pure ZrO 2 inactive at this reaction condition. Furthermore, ZrBeta ( Figure 11 ) was tested for LA conversion, leading to 98% conversion with >99% selectivity towards GVL, however this was achieved by running the reaction for 11 h. Lou and co-workers tried to understand the reason behind superior performance of Zr-Beta compared to other zeolite-Beta catalysts by performing kinetic studies and measuring the rate constant and activation energy for catalytic transfer hydrogenation of ML using 2-butanol as H source and solvent (53) . It was shown that Hf-Beta is even more active than Zr-Beta, converting ML to GVL in BuOH with high selectivity and with a rate constant that is twice larger than that of Zr-Beta and seven times larger compared to Sn-Beta at 150 °C. Despite of different rate constants, the calculated apparent activation energies were very close to each other (52.5 kJ mol -1 for Hf-, 51.8 kJ mol -1 for Zrand 51.7 kJ mol -1 for Sn-Beta), indicating that the E a of the hydride shift and the adsorption enthalpy of ML are either very similar for Sn-, Zr-, and Hf-Beta or that the differences in E a and adsorption enthalpies for each catalyst exactly offset to give the same apparent energies. (Figure 12 ) The observed differences in initial rates that exist for catalysts possessing similar activation barriers could also be a result of different proportions of catalytically active sites with respect to total metal content. Later on Wang et al. investigated the effect of Si:Zr ratio of Zr-Beta zeolite in LA hydrogenation using 2-pentanol as H donor, revealing Si:Zr = 100 being the optimum ratio with high activity and selectivity for the GVL production with 0.48 mmol GVL g cat -1 h -1 productivity (54). The better catalytic performance of Zr-Beta-100 was attributed to the presence of Lewis acid sites with moderate strength and also availability of a small number of basic sites. A summary of some studies on zeolite catalysts for GVL production via CTH is given in Table 2 . 
Other metal-based catalysts
Metal catalysts and in particular noble metals are known to be effective in hydrogenation and hydrogenolysis reactions due to their capability in activating H−H, C=O, C−O, and C−H bonds (42) .
Metal catalysts are usually supported, either on a chemically inert material such as activated carbon Raney® by 93% GVL yield at 80 °C, however at room temperature it could only yield 27% GVL.
Despite the exceptional catalytic performance under inert atmosphere, Raney® Ni was sensitive to air and quickly lost its catalytic activity during the reaction under air.
Precious metal catalysts have been widely studied in CTH for GVL production. For example, Kuwahara and co-workers prepared a series of Ru(OH) X catalysts with different supports such as Some researchers have tried using microwave heating instead of conventional heating methods using carbon supported noble metal catalysts. Amarasekara and Hasan used a commercial 5% Pd on activated carbon in combination with KOH to convert LA to GVL with a 920W microwave yielding 86% GVL only after 50 s (66). However when no homogeneous base was used, no GVL was formed. Also, Palkovits's group explored application of microwave heating in GVL production with MPV reduction using Ru/C catalyst (67) . A 300 W microwave was applied using a temperature-control program, i.e. the power of irradiation changed in order to keep temperature of the reaction mixture constant. Significant improvement in reaction rate was observed when microwave heating was used.
The difference in reaction kinetics was attributed to improved heat transfer for microwave-induced heating compared to conventional heating. Table 3 summarises the metal-based catalysts performance in CTH for GVL synthesis. 
4 Direct conversion of sugars to GVL
As explained above, most of studies so far have focused on using levulinic acid or its esters as reactant and there are fewer publications about direct conversion of lignocellulosic feedstock or sugars due to complexity and lower reactivity of these materials compared to platform chemicals.
However, direct conversion of lignocellulose or sugars to GVL would be desirable since it can lower the process cost and facilitate the commercialisation and large scale production of GVL.
As mentioned in the previous section, Raney® Ni is a great catalyst for EL conversion to GVL, however when furfuryl alcohol, HMF or fructose were used as starting material, it requires a cocatalyst to do the acid catalysed alcoholysis step (to form EL). Even when an acid catalyst such as Amberlyst-15 was used to catalyse the first step, Raney® Ni was essentially inactive, probably poisoned by the humins formed during the alcoholysis process (64).
Le et al. also tried their acid−base bifunctional FeZrOx nanocatalysts in direct conversion of fructose, sucrose and glucose in ethanol (51) . Starting with fructose, only 7% GVL was yielded after 6 h due to lack of strong acid sites for upstream synthesis of EL. Therefore, HY2.6 zeolite was used in conjunction with FeZrOx resulting in significant productivity enhancement. Interestingly, when the catalysts were added sequentially, the enhancement was greater (45% GVL yield) compared to when they were added simultaneously (37% GVL yield).
Zhu et al. proposed an integrated two-step process to convert carbohydrates and biomass to GVL in which first xylose or hemicellulose is converted to furfural over ZSM-5 in presence of a small amount of bio-derived γ-butyrolactone (GBL) and then furfural undergo tandem conversion to produce GVL over Au/ZrO 2 and ZSM-5 hybrid catalysts (68) . The reason for addition of GBL is to solubilise robust humins, restrain furfural degradation reactions, and improve furfural yields (69, 70). 2-propanol was used as solvent for both steps, however the reaction temperature for the two steps were different; 160 °C for alcoholysis and 120 °C for MPV reaction. Using this method, it was managed to obtain a total GVL yield of 55% and 62% starting with xylose and hemicellulose respectively.
NiZr nanocatalysts have also shown promise for conversion of sugars and hydrocarbons to GVL when they were used in parallel with acidic HY6 catalyst. Using ethanol as solvent and H donor, after 5 h reaction at 200 °C with fructose, glucose, cellobiose and carboxymethyl cellulose, 43, 42, 36 and 30% GVL yield was obtained respectively (50).
Conclusions and future perspective
In this review, the importance of GVL production by catalytic transfer hydrogenation was highlighted and advances in terms of development of heterogeneous catalysts for this process was systematically summarised on the basis of different classes of catalysts and key features affecting the performance of the existing catalysts were critically reviewed.
In general, most studies are focused on GVL production from levulinic acid or its esters which are more facile compared to direct conversion of lignocellulose or sugars to GVL. A wide range of catalysts have been used for GVL production via CTH using various primary and secondary alcohols including transition metal oxides, zeolites and other noble and non-noble-metal catalysts. It has been
shown that Lewis acidic, moderate basic or metal catalysts such as Ni are effective in GVL production from LA esters. However, starting from LA, sugars or biomass requires the presence of Brønsted acid sites as well, hence development of a bifunctional catalysts and or a dual-bed continuous flow reactor would be desired.
In conclusion, CTH of biomass-derived feedstock eliminates the need for precious metal catalysts, resulting in reduced process cost. Also, replacement of H 2 gas with organic H donors such as alcohols further decreases process cost since it does not require high pressure reactors and also improves process sustainability by cutting the dependence on non-renewable natural gas-derived hydrogen, reducing the carbon footprint and enhancing the sustainability of the process. However, the price of the external alcohol will be an important factor, playing a key role in determining whether the process can compete with conventional H 2 based hydrogenation. Therefore, developing an efficient heterogeneous catalytic system in which relatively cheap primary alcohols are used as H donor (rather than expensive secondary alcohols) and sugars or hemi/cellulose as feedstock would be highly desirable as working with corrosive LA is problematic.
